Background
==========

Understanding molecular and cellular mechanisms of carcinogenesis and justification of new, effective approaches to restriction of tumor growth are critical challenges of modern medicine. Vulnerability to tumor development is determined by multiple factors, including genetic predisposition \[[@b1-medscimonitbasicres-21-235]--[@b3-medscimonitbasicres-21-235]\], which, in turn, is determined by the capability of an individual or a species genotype to form an antitumor immune defence. One of important factors of such a defence is nitric oxide (NO) and effectiveness of the NO-generating system \[[@b4-medscimonitbasicres-21-235]--[@b7-medscimonitbasicres-21-235]\]. In the immune system, NO is generated by macrophages.

Based on these facts, we hypothesized that the individual or species vulnerability to tumors could be predetermined by genetic characteristics of the macrophage NO-generating system. The study goal was to test this hypothesis. The hypothesis was tested on mouse substrains C57BL/6J and C57BL/6N. C57BL/6J mice had the a, H-2b (*<http://andreevka.msk.ru/index.htm>*) genotype and C57BL/6N mice had the MHC HAPLOTYPE H-2b (*<http://www.spf-animals.ru>*) genotype. More detailed characteristics of these strains are provided on the Jackson Laboratory (*<https://www.jax.org>*) and TACONIC (*<http://www.taconic.com>*) websites.

Three main objectives were designed to achieve the study goal: 1) to evaluate susceptibility of different mouse substrains, C57BL/6J and C57BL/6N, to development of Ehrlich ascites carcinoma (EAC); 2) to study the role of NO in different susceptibility of these mouse substrains to development of tumor using an NO scavenger, an inducible NO synthase (*i*NOS) inhibitor, and a NO donor; and 3) to identify the macrophage phenotype and to evaluate the effectiveness of NO generation in macrophages from mice of different substrains.

Material and Methods
====================

Experimental animals
--------------------

Experiments were performed on 2 genetically different substrains of C57BL/6 mice: C57BL/6J and C57BL/6N. C57BL/6J mice were obtained from the vivarium "Andreevka" (*<http://andreevka.msk.ru/index.htm>*), and C57BL/6N -- from the vivarium "Pushchino" (*<http://www.spf-animals.ru>*). All experiments were designed and performed in accordance with the WHO guidance for biomedical research in animals (*<http://www.cioms.ch/publications/guidelines/1985_texts_of_guidelines.htm>*). Mice of both substrains were 8--9-week-old males weighing 20--24 g. The protocol of experiments was approved by the University Ethics Committee. All mice in experimental groups died because of tumor progression.

EAC
---

Tumor growth was initiated by an injection of EAC cells, which were obtained from the N.N. Blokhin Russian Cancer Research Center (Moscow, Russia). Mice were injected intraperitoneally with 250,000 tumor cells diluted in 0.2 ml saline. All mice were weighed daily until their death. Resistance of mice to EAC was assessed by survival duration after the injection of tumor cells and by changes in the animal weight reflecting accumulation of ascitic fluid in the peritoneal cavity.

Chemicals modifying NO production and content
---------------------------------------------

To change NO production in the tumor area, we used S- (2-aminoethyl) isothiourea (ITU, 10 mg/kg, i.p.) (Cat. \# 270-029M050, Alexis Corp., USA), a selective *i*NOS inhibitor; (\[2-4-carboxyphenyl) -4,4,5,5-tetramethylimidazoline-1-oxil-3-oxide\] (cPTIO, 8 mmol/kg) (cat. \# C7912, Invitrogen, USA). To change NO content in the tumor area, we used the NO trap, which cannot penetrate the cell \[[@b8-medscimonitbasicres-21-235]\]; and sodium nitroprusside (SNP, 10 μmol/kg) (cat. \# S13755389.0100, DiaM, Russia), a NO donor \[[@b9-medscimonitbasicres-21-235]\]. The chemicals were administered at 3, 7 and 11 days after tumor inoculation. This timing corresponded to the lag-, log- and terminal phases of EAC growth, respectively.

Evaluation of macrophage NO-generating system
---------------------------------------------

To assess the macrophage NO production, peritoneal macrophages were isolated from mice using a standard method described by Zhang et al. \[[@b10-medscimonitbasicres-21-235]\]. After isolation, macrophages were placed in wells of flat-bottomed 48-well culture plates in RPMI-1640 medium with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C and 5% CO~2~. Macrophages were placed in culture wells by 0.5×10^6^ cells per well in 0.5 ml of the medium. Macrophage basal NO production was evaluated after 24 hours of culturing. Stimulated NO production was evaluated after stimulation of macrophages with 500 ng/ml lipopolysaccharide (LPS) (cat. \# L2654, Sigma-Aldrich, USA) for 24 hours. Macrophage NO production was evaluated by nitrite concentration, which was measured spectrophotometrically in the culture medium using the Griess reaction \[[@b11-medscimonitbasicres-21-235]\]. The *i*NOS content was measured using a standard Western blot analysis \[[@b12-medscimonitbasicres-21-235]\] with anti-*i*NOS *(i*NOS) rabbit polyclonal antibodies (cat. \# KAS -- N 0001, Assay Designs, USA).

Determination of macrophage phenotype
-------------------------------------

Phenotype was determined by macrophage NO production and *i*NOS content and by cell-surface markers of the M1 phenotype, CD80, and the M2 phenotype, CD206 \[[@b13-medscimonitbasicres-21-235]\]. The CD markers were measured by flow cytometry using monoclonal antibodies to CD80 (Beckman Coulter, cat. \# 12-0801-82, USA) and CD206 (Beckman Coulter, cat. \# FAB2535P, USA) \[[@b13-medscimonitbasicres-21-235]\]. Preparation of macrophage samples for analysis was performed according to the manufacturer's instructions. Content of M1 and M2 CD markers on macrophages was expressed as percent.

Increased production of NO, expression of iNOS, and content of M1 phenotype CD markers indicated formation of the M1 phenotype, whereas decreased production of NO, expression of iNOS, and increased content of M2 phenotype CD markers indicated formation of the M2 phenotype \[[@b13-medscimonitbasicres-21-235]\].

Animal experiments were performed in duplicate, and cell culture experiments were performed in triplicate. Experimental protocol is presented in [Figure 1](#f1-medscimonitbasicres-21-235){ref-type="fig"}.

Statistical analyses were performed using analysis of variance followed by Student-Newman-Keuls test. Data are presented as means (M) with standard errors of the mean (±SEM). Differences were considered statistically significant at p\<0.05.

Theory background
-----------------

Macrophages can exhibit their secretory activity as a pro-inflammatory M1 phenotype or an anti-inflammatory M2 phenotype. The M1 phenotype produces more NO than the M2 phenotype \[[@b13-medscimonitbasicres-21-235]\]. The M1 phenotype is known to possesess a marked capacity for restricting tumors, whereas the M2 phenotype, in contrast, can promote tumor growth \[[@b13-medscimonitbasicres-21-235]\]. Ability of the organism to form specific phenotypes of cells is predetermined by the genotype. These facts support our hypothesis and justify its experimental verification.

Results
=======

C57BL/6N mice are more resistant to EAC than C57BL/6J mice
----------------------------------------------------------

After injection of EAC cells, the survival duration of C57BL/6J mice was 15.6±0.6 days, whereas C57BL/6N mice survived for 19.5±0.5 days (p \<0.01), i.e., by 25% longer than C57BL/6J mice. The toxic effect of EAC was evident as progressive accumulation of ascetic fluid in the abdominal cavity in both substrains, which resulted in gaining body weight. However, for 11 days of tumor growth, the body weight of C57BL/6N mice increased by 6.5±1.1%, whereas the body weight of C57BL/6J mice increased by 12.7±1.8% (p\<0.01), i.e., almost twice as much as in C57BL/6N mice.

Therefore, C57BL/6N mice were significantly more resistant to the development of EAC than C57BL/6J mice, as shown by the parameters of survival duration and accumulation of ascetic fluid in the peritoneal cavity.

Increased NO production prolongs while reduced NO production shortens survival of mice with EAC
-----------------------------------------------------------------------------------------------

Changed NO production in the tumor growth zone influenced the lifespan of mice ([Figure 2](#f2-medscimonitbasicres-21-235){ref-type="fig"}). The decrease in NO induced by the NO trap, PTIO, or the *i*NOS inhibitor, ITU, significantly shortened the survival duration of the highly resistant C57BL/6N mice with EAC by 23% (p\<0.05) and the low resistant C57BL/6J mice with EAC by 17% (p\>0.05). At the same time, the increase in NO induced by the NO donor, SNP, significantly prolonged the survival of low resistant C57BL/6J mice with EAC by 26% (p\<0.05) and non-significantly prolonged the survival of highly resistant C57BL/6J mice with EAC by 10% (p\>0.05). However, none of these NO modulators influenced peritoneal accumulation of ascetic fluid (data not shown).

These results are consistent with our hypothesis about an important role of NO in genetically determined mechanisms responsible for the life expectancy of mice after the onset of tumor development.

Macrophages of highly resistant to tumor C57BL/6N mice have more powerful NO generating system and a more distinct M1 phenotype than macrophages of low resistant to tumor C57BL/6J mice
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Both basal and stimulated NO production was approximately 1.5 times higher in macrophages of highly tumor-resistant C57BL/6N mice than in macrophages of low resistant to tumor C57BL/6J mice ([Table 1](#t1-medscimonitbasicres-21-235){ref-type="table"}). This difference in macrophage NO production was consistent with a higher content of *i*NOS in macrophages of C57BL/6N mice compared with C57BL/6J mice (data in the insert of [Table 1](#t1-medscimonitbasicres-21-235){ref-type="table"}).

Therefore, macrophages of highly resistant to EAC C57BL/6N mice generate more basal and stimulated NO than macrophages of low resistant to EAC C57BL/6J mice.

High NO production and *i*NOS content are markers of the proinflammatory M1 macrophage phenotype \[[@b13-medscimonitbasicres-21-235]\]. Based even on this fact alone, the macrophage phenotype of C57BL/6N mice with high NO production can be defined as a more distinct M1 phenotype compared with macrophages of C57BL/6J mice with lower NO production.

Macrophages from C57BL/6N and C57BL/6J mice expressed equal amounts of CD206, the M2 phenotype marker ([Table 1](#t1-medscimonitbasicres-21-235){ref-type="table"}). However, macrophages from C57BL/6N mice expressed 20 times more CD80, the M1 phenotype marker, than C57BL/6J mouse macrophages ([Table 1](#t1-medscimonitbasicres-21-235){ref-type="table"}). Therefore, the CD marker analysis has confirmed that macrophages from C57BL/6N mice possess a more distinct M1 phenotype than macrophages from C57BL/6J mice.

Discussion
==========

Results of the study are consistent with the initial hypothesis that susceptibility of a body or species to development of tumor is predetermined by genetic characteristics of NO generating systems. NO plays a dual role in carcinogenesis. On the one hand, NO can induce apoptosis of tumor cells by inhibiting synthesis of anti-apoptotic Bcl-2 and increasing expression of proapoptotic Bax and p53 \[[@b14-medscimonitbasicres-21-235]\], by inhibiting enzymes of glycolysis \[[@b15-medscimonitbasicres-21-235]\], which is the major pathway of energy production in tumor cells \[[@b16-medscimonitbasicres-21-235]\] and, thereby. NO exerts anti-tumor effects. On the other hand, NO can restrict development of apoptosis in tumor cells by nitrosylation of caspases \[[@b17-medscimonitbasicres-21-235],[@b18-medscimonitbasicres-21-235]\] and/or activating HSP70 synthesis \[[@b19-medscimonitbasicres-21-235],[@b20-medscimonitbasicres-21-235]\], and, thereby, NO can exert pro-tumor effects. The protumor effect of NO can be also due to NO-dependent inhibition of mitochondrial respiratory chain complex IV \[[@b21-medscimonitbasicres-21-235]\] and subsequent reprogramming of the normal cell phenotype to the tumor phenotype \[[@b22-medscimonitbasicres-21-235]\]. Local concentrations of NO and other free radicals in the tumor area determine interactions of NO and its metabolites with DNA, the tumor suppressor p53, and other activators and inhibitors of apoptosis in tumor cells. These interactions, in turn, form the pro- or anti-tumor effect of NO \[[@b7-medscimonitbasicres-21-235]\].

In our experiments, both the NO scavenger and the iNOS inhibitor decreased survival in both C57BL/6J and C57BL/6N mice inoculated with tumor cells, while administration of the NO donor prolonged the life of mice ([Figure 2](#f2-medscimonitbasicres-21-235){ref-type="fig"}). Therefore, in this case, NO exerted an anti-tumor effect.

During the immune response, macrophages are the major source of synthesized NO. Macrophages can limit tumor growth, not only due to NO production \[[@b23-medscimonitbasicres-21-235],[@b24-medscimonitbasicres-21-235]\], but also through other mechanisms, such as increased production of proinflammatory cytokines \[[@b24-medscimonitbasicres-21-235]\], free radicals activity \[[@b23-medscimonitbasicres-21-235]\] or tumor antigen presentation, and formation of Th1 and cytotoxic lymphocytes \[[@b25-medscimonitbasicres-21-235],[@b26-medscimonitbasicres-21-235]\]. However, the fact that selective inhibition of macrophage *i*NOS reduces the lifespan of mice with EAC ([Figure 2](#f2-medscimonitbasicres-21-235){ref-type="fig"}) indicates the important role of macrophage NO in the antitumor defense.

In this study, we found that macrophages of the highly resistant C57BL/6N substrain possess a more expressed pro-inflammatory M1 phenotype than macrophages of the low resistant C57BL/6J substrain. These data are consistent with the idea that the M1 macrophage phenotype has anti-tumor properties as distinct from the M2 phenotype \[[@b27-medscimonitbasicres-21-235]--[@b31-medscimonitbasicres-21-235]\].

Experimental data of this study did show what determines the genetically higher potency of NO-generating systems in macrophages of C57BL/6N mice compared with macrophages of C57BL/6J mice. However, since both substrains have a common origin (line C57BL/6), the difference between the NO synthesis mechanisms is likely related with minor differences in genotypes of these substrains.

Genetic studies showed that genotypes of C57BL/6J and C57BL/6N mice have 2 important differences.

First, C57BL/6J mice, as distinct from C57BL/6N, have a small deletion in the nicotinamide nucleotide transhydrogenase (NNT) gene and, therefore, the NNT protein is not synthesized \[[@b32-medscimonitbasicres-21-235]\]. NNT is a mitochondrial proton pump encoded by nuclear DNA. The lack of NNT leads to impaired glucose homeostasis and decreased insulin secretion \[[@b32-medscimonitbasicres-21-235]\]. In macrophages, as shown by Ripoll et al. \[[@b33-medscimonitbasicres-21-235]\], NNT plays the role of regulator in inflammatory responses, free radicals production, and NO synthesis.

Second, Mekada et al. \[[@b34-medscimonitbasicres-21-235]\] and Zurita et al. \[[@b35-medscimonitbasicres-21-235]\] found differences in DNA single-nucleotide polymorphism of these substrains.

Differences in mechanisms of NO generation and susceptibility to tumor growth may be associated with the absence/presence of NNT protein and/or differences in the single-nucleotide polymorphism. This assumption requires thorough investigation. However, the fact that NO plays an important role in the prolonged survival under EAC, the most aggressive form of cancer, makes it promising to develop new approaches to anti-tumor treatment by manipulating NO in the tumor.

Conclusions
===========

Data of this study and the literature show that the NNT gene and protein and the differences in single-nucleotide polymorphism found in different C57BL/6 substrains should also be considered in developing new methods of antitumor treatment.
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![Effects of changes in NO level in the tumor zone on mouse lifespan. A NO scavenger (PTIO) or an iNOS inhibitor (ITU) was used for decreasing the NO level. A NO donor (SNP) was used for increasing the NO level. **NO** -- nitric oxide; **PTIO** -- (\[2-4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxil-3-oxide\]), a NO scavenger; **ITU** -- (S-(2-aminoethyl isothiourea), an iNOS inhibitor; **SNP** -- (sodium nitroprusside), a NO donor; **C57BL/6N** and **C57BL/6J** -- mouse substrains. Bars show lifespan in days. \* Significant difference between mouse substrains, p\<0.05.](medscimonitbasicres-21-235-g002){#f2-medscimonitbasicres-21-235}

###### 

Basal and stimulated NO production, *i*NOS content and phenotype CD markers in macrophages isolated from highly tumor-resistant C57BL/6N substrain and lowly tumor-resistant C57BL/6J substrain.

  Substrain                                                                Survival after tumor induction, days                                     Indices of NO generation system   M1 marker, CD 80                                                        M2 marker, CD206
  ------------------------------------------------------------------------ ------------------------------------------------------------------------ --------------------------------- ----------------------------------------------------------------------- ------------------
  C57BL/6N                                                                 19.5+0.5                                                                 Nitrite, μmol                     80.6±5.6%                                                               52.7±4.9%
  Basal conditions                                                         Stimulated conditions                                                                                                                                                              
  45.7±1.34                                                                74.4±1.26                                                                                                                                                                          
  iNOS                                                                                                                                                                                                                                                        
  Basal conditions                                                         Stimulated conditions                                                                                                                                                              
                                                                                                                                                                                                                                                              
  C57BL/6J                                                                 15.6±0.6[\*\*](#tfn2-medscimonitbasicres-21-235){ref-type="table-fn"}    Nitrite, μmol                     4.0±0.3%[\*\*](#tfn2-medscimonitbasicres-21-235){ref-type="table-fn"}   58.8±4.7%
  Basal conditions                                                         Stimulated conditions                                                                                                                                                              
  29.6±1.43[\*\*](#tfn2-medscimonitbasicres-21-235){ref-type="table-fn"}   52.2±1.28[\*\*](#tfn2-medscimonitbasicres-21-235){ref-type="table-fn"}                                                                                                             
  iNOS                                                                                                                                                                                                                                                        
  Basal conditions                                                         Stimulated conditions                                                                                                                                                              
                                                                                                                                                                                                                                                              

Immunograms of Western blot analysis are presented as inserts in the table; intensity of the black line reflects iNOS content in macrophages.

Significant difference between mouse substrains, p\<0.01.
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